Background and Purpose-We sought to identify the most powerful binary measures of the treatment effect of tissue plasminogen activator (tPA) in the National Institute of Neurological Disorders and Stroke (NINDS) rTPA Stroke Trial. Methods-Using the Classification and Regression Tree (CART) algorithm, we evaluated binary cut points and combination of binary cut points with the 4 clinical scales and head CT imaging measures in the NINDS tPA Stroke Trial at 4 times after treatment: 2 hours, 24 hours, 7 to 10 days, and 3 months. The first analysis focused on detecting evidence of "early activity" of tPA with the use of outcome measures derived from the 2-hour and 24-hour clinical and radiographic measures. The second analysis focused on longer-term outcome and "efficacy" and used outcome measures derived from 7-to 10-day and 3-month measures. After identifying the cut points with the ability to classify patients into the tPA and placebo groups using part I data from the trial, we then used data from part II of the trial to validate the results. Results-Of the 5 most powerful outcome measures for early activity of tPA, 4 involved the National Institutes of Health Stroke Scale (NIHSS) score at 24 hours or changes in the NIHSS score from baseline to 24 hours. The best overall single outcome measure was an NIHSS score Յ2 at 24 hours, which provided an odds ratio of 5.4 (95% CI, 2.4 to 12.1) and a projected sample size of 58 per treatment group assuming an ␣ of 0.05 (2-sided test) and a power of 80% using part I data. The top 2 and 3 of the top 5 outcome measures for detecting the longer-term efficacy of tPA also involved the NIHSS score. A Rankin score of 0 or 1 at 3 months was the third most powerful outcome measure. Outcome measures identified by CART from part I data were not as sensitive in detecting the effectiveness of tPA when applied to part II data. Conclusions-Measures using the NIHSS and a Rankin score Յ1 were the most sensitive discriminators of the effectiveness of tPA in the NINDS tPA Stroke Trial compared with the other clinical and radiological measures. The outcome measures identified in this exploratory analysis (eg, NIHSS score Յ2 at 24 hours) would be best used as an outcome measure in future phase II trials of recanalization begun within the first 3 hours after stroke onset, with inclusion and exclusion criteria similar to those in the NINDS tPA Stroke Trial.
S
troke is the third leading cause of death and the leading cause of adult disability, but recruitment of patients into clinical trials of acute ischemic stroke during the 1990s has been poor. The major reason for the lack of eligible patients is the narrow time window to treatment in almost all of the recent and ongoing clinical trials. Intravenous tissue plasminogen activator (tPA), the only therapy for acute stroke that is approved by the Food and Drug Administration, was proven to be effective in 2 studies in which all patients were treated within 3 hours and nearly half within 90 minutes. 1 The combination of a limited number of eligible patients and many promising new drugs and devices for acute ischemic stroke indicates the need for the efficient design of future randomized phase II and phase III clinical trials.
Selection of the primary outcome measure or end point is among the most important considerations in the design of a clinical trial and depends not only on the disease under study but also on the expected mechanism and effect of a given therapy. Ideally, a study outcome measure should be easy to perform, reproducible, valid, clinically meaningful, and resistant to bias. 2 It should also detect clinically relevant differences in the effectiveness of various therapies for a given disease with the smallest number of patients possible.
The National Institute of Neurological Disorders and Stroke (NINDS) rtPA Stroke Trial, the basis for approval of tPA, used 4 different clinical scales (primary outcome measures) as prespecified binary end points. 1 Additionally, volumetric measurement of infarct by CT (secondary measure) was a prespecified end point. The present exploratory study was designed to determine which binary end points, or combination of end points, would consistently require the fewest number of patients to detect a significantly beneficial effect of tPA, assuming a power of 80% and an ␣ of 0.05, if such a study were repeated. We hoped that such an analysis might provide guidance concerning selection of outcome measures or end points for future phase II and phase III studies of therapy for acute ischemic stroke.
Subjects and Methods
The NINDS rtPA Stroke Trial was composed of 2 separate parts with nearly identical study methodology but with different goals. 1 The focus of part I was identifying early activity of tPA, and the prespecified end point of interest was improvement of Ն4 points from the baseline National Institutes of Health Stroke Scale (NIHSS) to the 24-hour NIHSS or complete resolution (NIHSS scoreϭ0) at 24 hours (evidence of early activity of tPA). The goal of part II was to determine whether tPA was associated with a significantly better long-term functional and neurological outcome. The prespecified end point for part II was a favorable outcome measured from 4 neurological and functional scales dichotomized to clearly identify patients with minimal or no neurological or functional deficit: Rankin Scale score of 0 or 1, 3 NIHSS score of 0 or 1, 4 Glasgow Outcome Scale score of 1, 5 or Barthel Index score of 95 to 100. 6 A global statistic was used to test the effect of tPA on the likelihood of a favorable outcome compared with the placebo-treated group. 7 In addition, detailed image analyses of CT images obtained at baseline, 24 hours, 7 to 10 days, and 3 months enabled comparisons of the total lesion volume between the 2 treatment groups. 8 This exploratory analysis was designed to identify the most powerful binary end points with regard to detecting a treatment effect of tPA in the NINDS rtPA Stroke Trial. In other words, if we were starting the NINDS tPA Stroke Trial today, which end points or outcome measures would be the most likely to detect the activity or efficacy of tPA with the smallest sample size possible? To accomplish this, we wanted to consider all binary end points that could be constructed from the 4 clinical scales and imaging measures at 4 times after treatment: 2 hours, 24 hours, 7 to 10 days, and 3 months.
We conducted 2 separate analyses. The first analysis focused on detecting evidence of "early activity" of tPA and used outcome measures derived from 2-and 24-hour clinical and radiographic measures. The second analysis focused on longer-term outcome and "efficacy" and used outcome measures derived from 7-to 10-day and 3-month measures.
The analyses were performed with the use of the Classification and Regression Tree (CART) algorithm. 9 CART methodology is known as binary recursive partitioning using a nonparametric approach. CART was used to construct variable partitions to classify patients into either the treatment or placebo group with a simple recursive tree structure. CART started with outcomes of interest (eg, a given NIHSS score at 24 hours, changes in the NIHSS score from baseline to 24 hours, and lesion volume at 24 hours). For each outcome (eg, NIHSSS score at 2 hours), CART explored all the possible cutoff points (eg, values of 0, Յ1, and Յ42) and picked the end point (the cutoff point) that provided the greatest separation of the patients into the tPA-treated group and the placebo-treated group. CART identified the end point with the greatest ability to separate the 2 treatment groups from among all the binary end points that were considered. This end point was then used to divide patients into 2 groups (subgroups). From these 2 subgroups, CART selected end points (the cutoff point) for every remaining binary outcome of interest and identified an end point from among the other end points with the greatest ability to divide the patients into treatment groups. The process continued until no further end point could be identified (see Figure 1 for example). We then calculated the sample sizes for each end point or end point combination on the basis of 80% power, a 2-sided test, and ␣ of 0.05. We used the part I data from the NINDS rtPA Stroke Trial to explore all the possible end points using the CART approach and used the part II data to validate the results.
We compared the sample size between the end points identified by this exploratory analysis and the original primary end points for parts I and II in the NINDS rtPA Stroke Trial. The sample size calculation was based on a 2 test of proportions. Since power is a function of sample size, if we had fixed sample size and computed power, holding constant the ␣ and proportions of interest, the same end points would have been chosen. We chose instead to fix power and compute sample size to provide information that is more interpretable to the clinician.
To explore how entry criteria may affect the choice of end point for a future trial based on the data from NINDS rtPA Stroke Trial, we repeated the entire procedure including only patients with an NIHSS score Ն10 at baseline. The rationale for selecting this cutoff is because of a planned trial of intravenous/intra-arterial tPA (the Interventional Management of Stroke [IMS] Trial), in which patients will have treatment started within 3 hours of onset. In this trial, an NIHSS score Ն10 will be used to ensure a high likelihood of a visible intra-arterial clot at angiography. 10 
Results
Four of the 5 most powerful end points in detecting early activity of tPA involved the NIHSS ( Table 1 ). The other end point was CT lesion volume Յ0.3 cm 3 at 24 hours. The best overall single end point was NIHSS score Յ2 at 24 hours, which provided an odds ratio of 5.4 (95% CI, 2.4 to 12.1) and a projected sample size of 58 per group. By comparison, the original primary end point of part I of the NINDS rtPA Stroke Trial for early activity of tPA was improvement Ն4 points from the baseline NIHSS to the 24-hour NIHSS or complete resolution (NIHSS scoreϭ0) at 24 hours. According to this end point, we would project a needed sample size of 625 per group to reach 80% power using part I data and 573 using part II data under similar assumptions. A combination of 2 measures provided only slightly lower projected sample sizes in detecting early activity than use of a single measure ( Figure 1 ). For example, NIHSS score Յ2 or change in NIHSS score Ն8 between baseline and 2 hours was associated with an odds ratio of 5.22 with a sample size of 40 per treatment group, assuming the same power and ␣ level. The next best 2-measure combination in detecting differences between the 2 treatment groups was NIHSS score Յ2 (good outcome) or NIHSS score at 24 hours Ն26 (bad outcome; sample size, 47). Table 2 demonstrates the results when the best single end points for detecting early activity selected with part I data are applied to part II data. The 3 end points with the smallest projected sample size with the use of part I data were also sensitive end points when applied to part II data, but part II data indicate that the needed number of patients with the use of this end point in a proposed study would be somewhat higher. These 3 end points were NIHSS score Յ2 at 24 hours, change between baseline and 24-hour NIHSS score Ն15 points, and NIHSS score Յ5 at 2 hours. The projected sample sizes for these 3 end points as determined by part II data ranged from 96 to 121 per patient group. Applying the top 3 combinations of 2 end points in part I of the trial to part II data resulted in projected sample sizes of 113 to 134, which were not smaller than projected sample sizes using single end points. Table 3 represents the best end points with regard to detecting differences in longer-term outcome or efficacy. The 2 most sensitive end points involved the NIHSSS (projected sample size, 70 to 73). A Rankin score of 0 or 1 at 3 months was the third most sensitive end point (projected sample size, 91). A combination of 2 measures did not appreciably change the needed sample size. For example, the best combination was a change in NIHSS score from baseline to 7 to 10 days of Ն24 or lesion volume at 3 months of Յ0.1 cm 3 (odds ratio, 3.72; sample size, 62).
By comparison, the original primary end point for efficacy in part II of the NINDS tPA Stroke Trial was a composite end point of Rankin Scale score of 0 or 1, Glasgow Coma Scale score of 1, Barthel Index score of 95 to 100, and NIHSS score of 0 or 1. Using the composite end points, we would project a needed sample size of 122 per group based on part I data and 232 per group based on part II data, using similar assumptions concerning ␣ and power. Table 4 illustrates results when the best single end points for detecting longer-term efficacy with part I data are applied to part II data. In general, the projected sample sizes are higher. Applying the combination of measures to part II data gave similar projected sample sizes compared with projected sample sizes with the use of single measures alone. Table 5 demonstrates the substantial change in the best outcome measures when the analysis is limited to patients with NIHSS score Ն10 at baseline. NIHSS measures still consistently perform best, but the most discriminating NIHSS measures in this subgroup are different than those in which the entire sample of patients is used. Of the best 5 end points as determined from part I data, only 2 measures were among the best as determined by part II data. These 2 measures were change in NIHSS score Ն15 (or return to NIHSS score of 0) from baseline to 24 hours and NIHSS score Յ2 at 24 hours. Using either of these 2 measures, one would expect to need 100 to 200 patients per treatment group for a phase II study of safety and early drug activity.
Discussion
We have found that the NIHSS score is an excellent outcome measure for use in phase II studies, in which the primary goal is to screen potential stroke therapies for early activity and safety as well as long-term outcome. Measures using the NIHSS were the most sensitive and consistent discriminators of the effectiveness of tPA in both parts of the NINDS rtPA Stroke Trial compared with the other clinical and radiological measures. In addition, use of an NIHSS score Յ2 at 24 hours was a more powerful measure of a treatment effect of tPA in this group of patients than the composite global end point at 3 months, the primary outcome measure of efficacy in part II of the NINDS rtPA Stroke Trial. 1, 7 A Rankin score of 0 or 1 at 3 months and at 7 to 10 days and a Barthel Index score of Ն95 at 7 to 10 days were other sensitive measures of longer-term efficacy in addition to NIHSS-based end points. The power of the NIHSS outcome measure to detect a treatment effect has several possible explanations. First, the NIHSS has been shown to be reproducible, valid, and an excellent predictor of long-term outcome. 4, [11] [12] [13] The 42-point NIHSS is more sensitive to change than global scales such as the modified Rankin, which has only 5 levels of change. Finally, great care was taken in the NINDS rtPA Stroke Trial to ensure that all treating investigators could perform the NIHSS reliably and correctly before the trial was started and as the trial progressed. 1, 13 Such attention to performance of the NIHSS reduces variability and makes change in the score more likely to be related to real changes in the patient's condition.
The most powerful measure of the effectiveness of tPA during the first 3 months after stroke was a given level or amount of change in the NIHSS during the first 24 hours, or even the first 2 hours, after start of treatment. This finding supports the clinical observation that dramatic improvement in neurological function during the first hours after treatment may be an excellent marker of a treatment effect. 14 In the original NINDS tPA Pilot Trial, some patients improved so dramatically during the first several hours that they were termed "on-the-table responders" by the investigators. Our analysis appears to confirm this clinical impression of an early treatment effect in some patients.
The CART method examines only possible binary cut points and does not evaluate other nonbinary end points (eg, comparing the median NIHSS in 2 treatment groups at 24 hours). Binary end points work best when outcome measures are not distributed normally but are skewed or clustered. The distribution of measures of outcome after stroke, using treatment measures such as the Barthel Index, Rankin Scale, and NIHSS, is quite skewed. Patient scores on these scales tend to cluster at the very good and bad ends of the given scale, with relatively fewer patients in the middle of the scale. Figure 2 demonstrates just such a distribution, using the Barthel Index at 3 months in tPA-treated and placebo patients from the NINDS tPA Stroke Trial. The distribution of radiographic end points such as CT volume of brain infarction is also skewed. Thus, the CART method should be a useful tool to explore clinical and radiographic end points in acute stroke studies. The J-or U-shaped distribution of scale scores such as the Barthel Index, or the skewed distribution of volumes of infarction as measured by CT, emphasizes that investigators must consider carefully the distribution of scale scores from similar previous trials, the desired clinically relevant outcomes, and the expected effect of a therapy when choosing study end points.
Global outcome measures using multiple appropriate end points have been shown to increase the power of a study when individual end points are correlated in the same direction, compared with using only one of the individual end points. 7 Such an approach was used successfully for part II of the NINDS trial. Retrospectively, the global outcome method was applied to the European Cooperative Acute Stroke Study (ECASS) I and gave a positive result. 15 However, the global outcome approach is only as good as the individual outcome measures. The more powerful the individual end points, the better the global outcome approach should be. Using the validated results of an exploratory CART analysis, one could improve the selection of individual end points for a global outcome measure.
The NIHSS criterion identified in this exploratory analysis (eg, NIHSS score Յ2 at 24 hours) would be appropriate as an end point in a proposed phase II trial of recanalization begun within the first 3 hours after stroke onset with inclusion and exclusion criteria similar to those in the NINDS trial. Different end points may be more appropriate in other proposed trials depending on the entry criteria, the time to treatment, and the suspected action of the drug. For example, when we included only patients with NIHSS score Ն10, the projected best end points were different than those in which the whole patient sample was used.
Comparison of end points in the ECASS II 16 and NINDS rtPA Stroke Trial 1 illustrates how selection of an end point depends on the time to treatment and expected action of the drug. In the NINDS rtPA Stroke Trial, in which patients were treated within 3 hours, a Rankin score of 0 or 1 at 3 months was the third most sensitive end point with regard to long-term efficacy. Using this end point would require only 91 patients per treatment group to detect a benefit for tPA in part I of the tPA Stroke Trial. A Rankin score of 0 to 2 at 3 months was a much less sensitive end point for detecting a difference and would require 212 patients per treatment group. By contrast, the ECASS II study treated patients within 6 hours of onset and used a Rankin score of 0 or 1 as the primary study outcome. 16 When this end point was used, the ECASS II study was negative. When the ECASS II study was analyzed post hoc with an end point of Rankin score of 0 to 2, a benefit for tPA-treated patients was demonstrated. The Prolyse in Acute Cerebral Thromboembolism (PROACT) II trial, an intra-arterial study that also treated patients within 6 hours, also found a Rankin score of 0 to 2 a more sensitive measure of the benefit of prourokinase than a Rankin score of 0 to 1. 17 The different sensitivities of different cut points for the Rankin Scale make biological sense. Thrombolytic therapy administered soon after onset of ischemia, as in the NINDS tPA Stroke Trial, would be more likely to open the occluded artery more quickly and to salvage brain tissue than therapy given at a later time. Such patients treated sooner would be more likely to return to normal or near normal, as measured by a Rankin score of 0 or 1. Patients who receive thrombolytic therapy after 3 hours of symptom onset would be less likely to have sparing of ischemic brain but could still accrue some benefit. Such patients may be less likely to return to normal than if treated with intravenous tPA within 3 hours but may have a shift in their disability from severe to mild or moderate or a Rankin score of 0 to 2. For a future study of a recanalization therapy begun within 3 hours of onset, a Rankin score of 0 or 1 would likely be a better 3-month end point than a Rankin score of 0 to 2. For a study of neuroprotection given at a later time window, another cut point may be better.
Our study also demonstrates the potential problems of the use of exploratory post hoc analyses from small to moderate studies to determine end points for subsequent trials without subsequently validating the results prospectively. 18 -20 A definitively positive trial like the NINDS trial, as determined by both primary and secondary end points, is the ideal way to explore the sensitivities of various end points. Many of the end points that were quite sensitive to the early activity of tPA and long-term effectiveness in part I patients were less sensitive with the use of part II data. Ideally, one should choose an end point that is consistently sensitive in detecting a treatment effect in multiple studies, such as in both part I and part II of the NINDS tPA Stroke Trial. The reasons underlying the different sensitivities of various end points in part I and part II of the trial may relate in part to overall differences in baseline characteristics between the patients in part I or part II that have been shown to be related to long-term outcome (eg, baseline NIHSS score or age) or to random error. We plan to explore this issue further in the NINDS data set.
Some investigators have suggested that radiological end points, particularly changes in MR diffusion/perfusion, may be used as surrogate end points in acute stroke studies and require fewer patients to demonstrate the activity of a given therapy. [21] [22] [23] In our study high-quality analysis of the volume of brain infarction as measured by CT was not as sensitive to a treatment effect as the clinical scale measures. To equal the sensitivities of the NIHSS within the 3-hour time window, MRI measures would need to be able to detect differences between treatment groups with fewer than 60 to 70 patients per group. Certainly MRI will never surpass neurological scales such as the NIHSS in terms of speed, ease of use, lack of missing data, and cost. In addition, the time to obtain MRI, even with echo planar imaging, will delay the time to treatment for at least the near future. Whether end points using diffusion or diffusion/perfusion MRI can be a more sensitive measure of treatment effect in a clinical trial than the NIHSS during the first 24 hours is a hypothesis that needs to be tested.
